Emerging evidence has shown that miRNA-mediated gene expression modulation contributes to chronic pain, but its functional regulatory mechanism remains unknown. Here, we found that complete 
Introduction
miRNAs are post-transcriptional regulators of gene expression that play an important role in a variety of neurophysiological and neuropathological processes, such as neuronal development, plasticity, and CNS diseases. Emerging evidence has shown that miRNA-mediated gene expression modulation in nociceptive pathways is involved in development and maintenance of chronic pain. Recently, several screening studies have shown dysregulated expression of miRNAs in pain pathways from primary afferent nociceptors, DRG, spinal cord, and brain areas associated with pain perception in different inflammatory, neuropathic, and cancer pain models. Manipulation of miRNA expression prevents and reverses persistent inflammatory, neuropathic, and cancer pain behavior (Favereaux et al., 2011; Imai et al., 2011; Bali et al., 2013) . In addition, the functional consequences of miRNA regulation of downstream targets and intrinsic neuronal excitability have also been demonstrated. For example, GABAergic and opioidergic synaptic signals related to endogenous pain control are downregulated by miRNAs, such as miR-134 or miR-181a (Ni et al., 2013; Sengupta et al., 2013) . miR-103 was shown to regulate neuropathic chronic pain by targeting voltage-gated calcium channels Cav2.1 and Cav2.2 (Favereaux et al., 2011) . Despite the fact that miRNAs contributed to pain-related neuronal or synaptic modification and manipulating miRNAs had shown to be a potential pain therapeutic tool, the novel miRNAs for involvement of pain and its functional regulatory mechanisms still need to be determined.
Increasing studies have demonstrated that miR-219, expressed preferentially in the CNS, was involved in neurological and psychiatric disorders, including Alzheimer's disease (Lukiw, 2007) , schizophrenia (Kocerha et al., 2009) , and depression (Saus et al., 2010) , suggesting a potential functional role of miR-219 in dysfunctional CNS diseases. In the present study, we investigated the role and its mechanism of spinal miR-219 in chronic pain with the following findings: (1) Our miRNA microarray profiling study identified spinal miR-219 to be downregulated in chronic pain status. (2) miR-219 negatively regulates the function of NMDA receptors, and to be a negative regulator of calcium/ calmodulin-dependent protein kinase II ␥ (CaMKII␥) (Kocerha et al., 2009 
Materials and Methods
Animals. Adult male Kunming mice (20 -25 g) were used in the present study. Chronic inflammatory pain was induced by subcutaneous administration of CFA (40 l, Sigma-Aldrich) into the plantar surface of the hindpaw. Chronic constrictive injury model, formalin-induced acute pain model, intrathecal injection, paw withdrawal latency to thermal stimulus (a measure of hyperalgesia), and paw withdrawal thresholds to mechanical stimulus (a measure of allodynia) were performed as described previously (Ruan et al., 2010) . All animal procedures were approved by the animal care committee of Xuzhou Medical College.
RNA extraction and microarray analysis. Total RNA, including miRNA, was harvested using TRIzol (Invitrogen) and RNeasy mini kit (QIAGEN); 1 g RNA from each sample was used for expression quantification with miRCURY LNA Array-version 18.0 (Exiqon).
MicroRNA-specific qRT-PCR. A total of 1 g RNA was reversetranscribed to cDNA using specific primers (U6 RNA as an internal control) and TaqMan microRNA reverse transcription kit (Applied Biosystems). Expression analysis was performed using the TaqMan microRNA assay kit (Applied Biosystems).
Lentivirus system. Lenti-miR-219, miR-219-sponge, and control lentivirus with empty vector were purchased from GenePharma. Design of miRNA sponges was performed according to the protocols by Ebert et al. (2007) . Lentivirus titers are Ͼ10 8 TU. Lentivirus transfection was performed according to the protocol supplied by GenePharma. Briefly, 20 l lentivirus and 1.5 l polybrene (1.4 mg/ml) were added in a 24-well plate containing 1 ϫ 10 5 HEK293T cells and 400 l DMEM without FBS; after 24 h, transfection medium was replaced with 500 l fresh complete medium containing 10% FBS; after 48 h culture, cells were collected. Each time, 1 l lentivirus was intrathecally injected in vivo.
Construction of miR-219 target. 3Ј-UTR sequence of miR-219 targeting CaMKII␥ was synthesized: wtF, 5Ј-P-TCGAACTGAAGTATAGACTT TTCTGCTGgacaatcTGCATGGGCATCACCCCCTCACC-3Ј, wtR, 5Ј-P-GGCCGGTGAGGGGGTGATGCCCATGCAgattgtcCAGCAGAAAA GTCTATACTTCAGT-3Ј; mutF, 5Ј-P-TCGAACTGAAGTATAGACTT TTCTGCTGgtcaaacTGCATGGGCATCACCCCCTCACC-3Ј, mutR, 5Ј-P-GGCCGGTGAGGGGGTGATGCCCATGCAgtttgacCAGCAGAAAA GTCTATACTTCAGT-3Ј. wtF/wtR and mutF/mutR were, respectively, inserted into a dual-reporter psiCHECK2 plasmid digested by Xhol and NotI, and named as wild-type pCHK-wt-CaMKII␥ and mutant-type pCHK-mut-CaMKII␥.
Construction of promoter reporter vector. The defined region of miR-219 promoter was amplified from mouse genomic DNA (forward: 5Ј-CCG CTCGAGCCGTGGAAGTCAGTGGTATGAGG-3Ј; reverse: 5Ј-CCCAA GCTTAGAATTGCGTTTGGACAATCAGGA-3Ј) and cloned into pGL6 plasmid (Beyotime) via XhoI and HindIII digestion. Empty pGL6 vector was used as control plasmid.
Luciferase reporter assay. HEK293T cells were cultured in DMEM with 10% FBS. HEK293T cells were seeded at 1 ϫ 10 5 cells per 24 well. Identification of miR-219 targets was performed by transfecting pCHK-wtCaMKII␥ or pCHK-mut-CaMKII␥ plasmids (50 ng) and miR-219 mimics (80 ng) into HEK293T cells. Identification of miR-219 promoter was performed by transfecting pGL6-219 (50 ng) and pRL-TK plasmid (2 ng) as an internal control (Promega). Cell lysates were prepared and subjected to luciferase assays using the Dual-luciferase reporter kit (Promega) at 24 h after transfection.
miRNA mimics or siRNA delivery. miRNA mimics or siRNA was synthesized by GenePharma. miRNA or scrambled (Scr) mimics (20 M, 5 l) were intrathecally injected. CaMKII␥ siRNA (sense, 5Ј-GUAGA GUGCUUACGCAAAUTT-3Ј; antisense, 5Ј-AUUUGCGUAAGCACU CUACTT-3Ј) or a control siRNA (sense, 5Ј-UUCUCCGAACGUGUCA CGUdTdT-3Ј; antisense, 5Ј-ACGUGACACGUUCGGAGAAdTdT-3Ј) was designed and validated in vitro and in vivo. CaMKII␥ siRNA or control siRNA (5 M, 5 l) was used for intrathecal injection.
FISH, immunofluorescence, and immunohistochemistry. Spinal cords were rapidly dissected from perfused mice with 4% PFA, fixed with 4% PFA, cryoprotected in 30% sucrose, and then sectioned into 35 m slices. miR-219 miRCURYTM LNA probes and a scrambled probe (5Ј-digoxin-TACGAGTCGAAACACCTATGCGCCT-digoxin-3Ј) were synthesized (Exiqon). FISH was performed using the FISH kit (Guangzhou Exon), and then FISH sections were incubated with NeuN antibody (MAB377, Millipore) or CaMKII␥ antibody (1:250, Abcam), finally incubated with fluorescent-conjugated secondary antibody (Alexa-594, Cell Signaling Technology). Fos immunohistochemistry was performed as described previously (Ruan et al., 2010) .
Western blot analysis. The spinal cord in the lumbar enlargement was rapidly removed, and ipsilateral dorsal spinal cord was separated and collected for Western blot analysis. Protein extractions were performed as described previously (Ruan et al., 2010) . Protein (20 -50 g per sample) was separated by 10% SDS-PAGE gel and transferred onto nitrocellulose membrane. Membranes were probed with antibody against CaMKII␥ (1:500, Abcam), p-NR1 (S896) (1:500, Millipore), or control GAPDH (1:5000, Abcam). The immune complexes were detected by use of a NBT/BCIP assay kit (Sigma).
Analysis of CpG islands and bisulfite sequencing. CpG islands, CpG dinucleotide-rich regions, were predicted using Methprimer (Li and Dahiya, 2002) for the upstream region of precursor miR-219 (pre-miR-219) (Chr 17B1). Mouse genomic DNA was extracted using QIAamp DNA Mini Kit (QIAGEN), then subjected to bisulfite conversion using EZ DNA methylation-Gold kit (Zymo). Bisulfite-modified DNAs were amplified using primers BSCF (5Ј-GAGATAGGATATTTTTTGGTAGT-3Ј; Ϫ310/Ϫ288) and BSCR (5Ј-CTCAAAAATTACATTTAAACAATC-3Ј; 21/45).
Statistical analysis. Data are presented as mean Ϯ SEM and analyzed using GraphPad Prism version 5.00 (GraphPad). The data for behavioral tests were analyzed with two-way ANOVA with two repeated factors followed by Tukey multiple-comparison tests. Unpaired comparisons were assessed by two-tailed Student's t test for protein, image, luciferase unit, or qRT-PCR analysis.
Results

Chronic pain reduces spinal miR-219 expression
To identify spinal miRNAs involved in chronic pain, we first compared spinal miRNA expression profiling between CFAinjected and control mice. Microarray analysis identified 12 miRNAs that were upregulated and 20 miRNAs that were downregulated by Ͼ40% in CFA animals. Three upregulated miR-219 and other two downregulated miRNAs in microarray analysis were randomly selected and were further confirmed by qRT-PCR ( Fig. 1 A, B) . As spinal NMDA receptors and CaMKII play a critical role in chronic pain modulation (Latremoliere and Woolf, 2009) and miR-219 negatively regulates the function of NMDA receptors and the expression of CaMKII␥ (Kocerha et al., 2009), we further investigated the role of miR-219 in the chronic pain process. We collected the spinal tissue and examined the changes of spinal miR-219 expression at 3 d after CFA injection, 7 d after chronic constrictive injury surgery, and 2 h after formalin injection. The results showed that miR-219 expression was downregulated in both chronic inflammatory and chronic neuropathic pain, but not in acute formalin pain model (Fig. 1C) . We then studied the time course of miR-219 expression in chronic inflammatory pain. No significant alteration of miR-219 expression was found in the acute phase of this pain model (2 h after CFA injection). However, miR-219 expression was significantly decreased from 1 to 10 d after CFA injection and then gradually returned to basal levels at 21 d after CFA injection (Fig. 1D) . Combining miR-219 FISH and cell-type-specific immunofluorescence staining, we found that miR-219 was colocalized with NeuN (a neuronal maker) in spinal cord and that miR-219 expression was decreased in the CFA group versus the control group (Fig. 1E) . These findings implicate the downregulation of spinal miR-219 to be involved in the development of chronic pain.
Upregulation of miR-219 reverses CFA-induced pain behavior and spinal neuronal sensitization
Intrathecal injections of 2 tools, miRNA mimics (miR-219-mimics) and lentivirus (Lenti-miR-219), were used to upregulate spinal miR-219. The transfection efficiency of Lenti-miR-219 was validated in the HEK293T cell line and mouse spinal cord by qRT-PCR ( Fig. 2A) . Upregulation of miR-129 via injection of miR-219-mimics or Lenti-miR-219, but not scrambled miRNA or Lenti-vector, for 3 consecutive days significantly reversed CFA-induced thermal hyperalgesia and mechanical allodynia (Fig. 2 B, C) . Spinal Fos expression was used as a marker of spinal neuronal sensitization related to pain modulation. To further explore the effect of miR-219 upregulation on CFA-induced spinal neuronal sensitization, we investigated the change in Fos expression at 7 d after CFA injection (2 d after 3 continuous days of mimic or lentivirus injection). Intrathecal injection of miR-219-mimics or Lenti-miR-219, but not scrambled miRNA or Lentivector, inhibited the CFA-induced increase in Fos expression (Fig. 2D) , suggesting that miR-219 upregulation reversed inflammatory pain by inhibiting spinal neuronal sensitization. To further determine the contribution of miR-219 in initiation of chronic inflammation pain, we pretreated animals with LentimiR-219 for 3 d before CFA injection and then assessed the preventive effect on CFA-induced pain behavior. We found that this pretreatment inhibited CFA-induced pain behavior and spinal Fos expression (Fig. 2 E, F ) . Finally, we found that knockdown of spinal miR-219 by miR-219-sponge, a "miRNA-loss-of-function" strategy, produced thermal hyperalgesia and mechanical allodynia and increased Fos protein expression in naive mice (Fig. 2G,H ). These findings suggested that spinal miR-219 contributes to the modulation of chronic pain processing.
miR-219 targeting CaMKII␥ regulates pain
To identify a potential pain-relevant target gene of miR-219, three independent prediction programs, including TargetScan, miRanda, and PicTar, were performed in TarMir (http://www. tarmir.rgcb.res.in/). A total of 56 genes were predicted to be miR-219 targets (data not shown). Some of these target genes (e.g., Kcna4 and Epha4) were reported to have contributed to pain processes (Cruz-Orengo et al., 2006; Langeslag et al., 2014) . As CaMKII␥ has conserved miR-219 binding sites within its 3Ј UTR (bp, 1227-1233) ## p Ͻ 0.01, versus CFA ϩ Scr group. n ϭ 6. E, F, Pretreatment with Lenti-miR-219 for 3 consecutive days prevented CFA-induced thermal hyperalgesia and mechanical allodynia (E) and the increase of spinal Fos expression (F ). *p Ͻ 0.05, versus Lenti-vector ϩ CFA group. **p Ͻ 0.01, versus Lenti-vector ϩ CFA group. n ϭ 6 -10. Blue arrow indicates CFA or saline injection; black arrow indicates miR-219-mimics/Scr or lenti-miR-219/Lenti-vector injection. G, H, Intrathecal injection of miR-219-sponge for 3 consecutive days produced thermal hyperalgesia and mechanical allodynia (G) and increased the spinal Fos expression in naive mice (H ). *p Ͻ 0.05, versus vector group. **p Ͻ 0.01, versus vector group. n ϭ 6 -8. Black arrow indicates miR-219-sponge or vector injection.
silico predictions, we first generated reporter vectors containing 3Ј UTR with miR-219-recognized sequences from CaMKII␥ (Fig.  3A) . Cotransfection of miR-219 mimics with the reporter pCHKwt-CaMKII␥ resulted in significantly reduced luciferase activity compared with pCHK-mut-CaMKII␥. As a control for miR-219, mimics of miR-34a (an enriched miRNA in spinal cord) did not decrease the luciferase activities of wild-type or mutation vector (Fig. 3A) . Furthermore, we determined the regulatory role of miR-219 in CaMKII␥ expression at the in vivo level. We found that spinal CaMKII␥ protein expression was increased in CFA mice, which was reversed by intrathecal injection of miR-219 mimics or lentivirus-mediated miR-219 overexpression, but not by scrambled miRNA or lentivirus vector control (Fig. 3 B, C) . In addition, spinal CaMKII␥ expression was increased by knockdown of miR-219 with intrathecal injection of miR-219-sponge in naive mice (Fig. 3D) . FISH-immunofluorescent costaining revealed that miR-219 and CaMKII␥ were coexpressed in spinal cells and that the decrease of miR-219 expression was accompanied by the increase of CaMKII␥-positive expression in the CFA group compared with the control group (Fig. 3E) . These in vitro and in vivo findings suggested that CaMKII␥ is a direct target of miR-219.
Our data have shown that knockdown of spinal miR-219 induced pain behavior. To explore the role of CaMKII␥ in the mediation of pain modulation by miR-219 at behavioral level, we pretreated or post-treated the animals with an siRNA to knock down CaMKII␥ before or after intrathecal injection of miR-219-sponge, then measured the behavioral response. We found that knockdown of CaMKII␥ significantly inhibited or reversed thermal hyperalgesia and mechanical allodynia induced by downregulation of spinal miR-219 in naive mice, suggesting that the increase of CaMKII␥ expression mediates miR-219 downregulation-induced pain behavior (Fig. 3F,G) .
To further determine an association between CaMKII␥ and NMDAR activity under chronic inflammatory pain, we first examined whether knockdown of CaMKII␥ with siRNA could decrease the expression of phosphorylation NMDAR1 (p-NR1). We found that spinal p-NR1 expression was increased not only in CFA mice, but also in naive mice with miR-219-sponge injection, which was reversed by spinal CaMKII␥ knockdown through intra- thecal injection of CaMKII␥ siRNA (Fig. 3H) . Finally, behavioral testing showed that thermal hyperalgesia and mechanical allodynia induced by downregulation of spinal miR-219 in naive mice were reversed by intrathecal injection of the NMDA receptor antagonist MK-801 (Fig. 3I) . Together, these results suggested that spinal miR-219 expression regulates pain behaviors by targeting CaMKII␥, and NMDAR may participate in this processes.
DNA methylation regulates miR-219 expression and CFA-induced pain behavior
As epigenetic modification has recently been implicated in DNA methylation-mediated silencing of miRNAs (Lujambio et al., 2007) , we further investigated whether DNA methylation of miR-219 promoter was involved in the process of chronic pain. Because CpG islands are often colocalized in the promoter region and cytosine methylation of CpG dinucleotides frequently leads to transcriptional silencing, CpG islands have been recognized as a crucial epigenetic regulation region in DNA methylation modification. Our analysis of the 2000 bp upstream sequence of premiR-219 revealed the presence of a well-defined CpG island from Ϫ266 to Ϫ57 (relative to first nucleotide of pre-miR-219) (data not shown). Next, we cloned a 1.359 kb segment with the predicted CpG island into the pGL6 firefly luciferase reporter (pGL6-219) and examined its ability to drive luciferase expression in HEK293T cells. We found that this promoter region produced high luciferase activities compared with no promoter in pGL6 control (Fig. 4A) , indicating that this region of the promoter contains the regulatory elements and controls miR-219 expression. However, the pGL6-219 in vitro methylated by methyltransferase M.SssI before being introduced into cells abolished the enhanced activities of luciferase (Fig. 4B) . No significant alterations were found in pGL6 control. These results suggested a direct role of DNA methylation of this promoter containing the CpG island in transcriptional regulation of miR-219 gene expression. To evaluate whether chronic inflammatory pain caused the hypermethylation of miR-219 promoter, we performed the bisulfite sequencing to analyze the methylation status of the CpG island. The results showed that the fragment surrounding the CpG island was densely methylated in CFA mice compared with the control group, which could be reversed by treatment with the demethylation agent 5Ј-aza-2Ј-deoxycytidine (Aza) (Fig. 4C) . Furthermore, treatment with Aza also increased spinal miR-219 expression in CFA mice (Fig. 4D) , which was accompanied by alleviation of pain behavior and inhibition of spinal Fos and CaMKII␥ expression (Fig. 4E-G) . Collectively, these results suggest the functional relevance of DNA demethylation of miR-219 and chronic pain behavior.
Discussion
Central sensitization, characterized by increase in the excitability of neurons and enhancement of response to nociceptive or/and non-nociceptive stimulus, plays a critical role in the pathogenesis of chronic pain. The induction and maintenance of central sensitization are dependent on maladaptive alterations in the expression, distribution, and activity of ion channels, receptors, and intracellular signal transduction pathways. Aberrant pain-related gene expression is one of most prominent contributors to these maladaptive processes. Therefore, the unraveling of the genetic basis and its regulatory mechanisms involved in central sensitization will improve our understanding of chronic pain and provide potential targets for developing novel therapeutic strategies. miRNAs, as a regulatory mechanism of gene expression, attract widespread attention on their potential role in complicated biological processes and human diseases. For example, emerging evidence indicates that miRNA is a key regulator not only in neurodegenerative disorders, such as Alzheimer's, Parkinson's, amyotrophic lateral sclerosis, and polyglutamine disorders (Bicchi et al., 2013) , but also in neuroinflammatory diseases, such as rheumatoid arthritis, psoriasis, and multiple sclersosis (KsiazekWiniarek et al., 2013) .
Recent reports have shown a strong connection between miRNA modulation and chronic pain processes. Conditional deletion of Dicer, a central enzyme in miRNA processing, in DRG sensory neurons leads to deficits in inflammatory pain (Zhao et al., 2010) . miRNA expression profiling study in DRG tissue identified 63 and 57 miRNAs whose expression is significantly altered after neuropathic pain (von Schack et al., 2011) and metastatic bone-cancer pain model (Bali et al., 2013) . Furthermore, upregulation of spinal miR-124 or miR-103 is reported to prevent and treat persistent inflammatory and neuropathic pain (Favereaux et al., 2011; Willemen et al., 2012) . Inhibiting the tumor-induced upregulation of miR-146a and miR-183 in sensory neurons markedly attenuates tumor-mediated hyperalgesia (Li et al., 2013) . In contrast, augmenting the expression of miR-370 in DRGs leads to exaggerated tumor-mediated hyperalgesia (Bali et al., 2013 ). These findings demonstrate miRNAs as key regulators of physiologic and pathologic processes underlying chronic pain and suggest that specific miRNAs may act as new molecular targets for pain prevention and relief. In this study, our results reveal that chronic, but not acute, inflammation pain had a significant correlation with miR-219 expression and that the different correlation may be associated with inconsistent mechanisms underlying chronic pain and those underlying acute pain. In addition, the relationships between maladaptive cellular and behavioral changes and miR-219 expression in chronic pain are consistent with previous findings that miR-219 is involved in NMDARmediated synaptic plasticity and psychiatric disorders.
Furthermore, in agreement with a previous report (Kocerha et al., 2009) , we demonstrated that CaMKII␥, a target gene for miR-219, mediates central sensitization in chronic pain. To our knowledge, few studies investigate the functional significant of CaMKII␥ in physiological and pathological processes in the CNS. Recent studies have implicated CaMKII␥ in various physiological and pathological conditions, including bipolar spindle formation, survival and proliferation, apoptosis, and differentiation of cancer (Si and Collins, 2008) . In this study, we found that CFAinduced chronic inflammation pain was accompanied with an increase in CaMKII␥ expression. Based on the core regulatory role of CaMKII family of kinases in NMDAR signaling and central sensitization related to chronic pain, we propose that CaMKII␥ mediated the role of spinal miR-219 in pain modulation through negatively regulating the function of NMDA receptors.
Despite a large body of molecular and functional evidence supporting the alteration of miRNA expression in several physiological and pathological processes, little is known about how the miRNA gene expression itself is regulated in these processes. DNA methylation is an important epigenetic modification in the mammalian genome. The growing evidence has linked DNA methylation with some human diseases, including cancer, neurological, and psychiatric disorders, such as Alzheimer disease and depression (Lujambio et al., 2007; Jowaed et al., 2010) . Recent studies found methyl-CpG-binding protein 2, a transcriptional repressor complex that induces remodeling and gene silencing, has an important role in gene expression in spinal cord and DRG neurons after CFA-induced inflammation pain (Géranton et al., 2007) . Induction of chronic pain is accompanied by decreased global methylation in the prefrontal cortex and amygdala (Tajerian et al., 2013) . Therefore, DNA methylation might be involved in mediating the pathologies associated with chronic pain. In vitro and in vivo studies showed that DNA CpG methylation specifically silences miRNA expression in human cancer cells (Lujambio et al., 2007) . Considering that ϳ50% of miRNA promoters have CpG islands, miRNA methylation might be an important mechanism by which miRNA transcription is regulated. In this study, we found chronic inflammatory pain induced the hypermethylation of CpG islands in the miR-219 promoter. Treatment with demethylation agent markedly increased the spinal miR-219 expression, which is accompanied with alleviation of pain behavior, inhibition of central sensitization, and decrease of spinal CaMKII␥ expression in CFA mice. This is the first report on methylation-mediated epigenetic modification of miR-219 expression and its functional significance in chronic pain in vivo.
In conclusion, this study expands our knowledge about the functional role of miR-219 in CNS and elucidates a novel mechanism for regulation of individual miR-219 expression in the development of chronic pain.
